We show that wetting properties crucially control the patterns in two-phase flows of immiscible fluids in microchannels. Ordered patterns, continuously entrained by the flow, are obtained when one phase completely wets the walls, while disordered patterns, intermittently adhering to the channel walls, are unavoidably produced when wetting is partial. A lower limit for the channel sizes capable of generating well structured objects (drops, pears, pearl necklaces, . . . ) is presented.
Two phase flows of immiscible fluids are now often used, for various purposes, in microsystems. An example is the microcooler, for which the cooling liquid is forced to flow with its vapor [1] . Another example is the flow of two immiscible liquids in microchannels, which may be used to engineer microdrops, and has been shown recently to produce evolved patterns, such as isolated slugs and pearl necklaced structures [2] , or drop populations, with an impressively rich dynamics [3] . A third example is the flow of immiscible fluids in an array of microchannels, dedicated to the formation of monodispersed emulsions [4] . Despite the absence of hydrodynamic instabilities, the few examples which have been reported thus far indicate that microchannel two-phase flows unexpectedly generate rich varieties of patterns. This is interesting from the conceptual point of view, but may raise difficulties for whoever desires to engineer a particular type of structure, one issue being to determine a proper range of conditions within which such a structure exists. It would be desirable to have a rationale for these systems, but this has not been proposed yet. In this Letter, we essentially unravel that wetting properties of the fluid with respect to the walls are exceedingly important parameters, to an extent which has no equivalent in ordinary size two-phase flow systems. We will infer a size below which a microsystem, with untreated walls, ceases to be capable of producing well controlled structures.
The experiments are performed in microchannels, fabricated by using standard lithographic techniques [5] . The channels are etched in glass, and covered by a silicon wafer, using anodic bondic. The cross sections are 20 m 200 m, and their lengths are 20 mm. Several channel configurations have been considered, an example being shown in Fig. 1 . In this example, we have three channels, collecting the liquids into a main stream, the whole system forming a crosslike injection configuration. In the first series of experiments we are reporting here, one fluid is injected at the center and the other one on the sides. We will also consider a nonsymmetric configuration, forming the shape of a T. In all cases, the working immiscible liquids are deionized water and tetradecane. We use SPAN 80, at various concentrations, as the surfactant. The surfactant molecules tend to collect at the fluid interface, with their polar heads in water and their tails in oil [6] . Observation is made by fluorescence microscopy, with one phase (water) being marked by fluorescein.
The wetting properties of the liquids, with respect to the wall surfaces -silicon and glass -deserve particular emphasis. Figure 2 shows an evolution of the contact angle of a water drop, immersed in tetradecane, in contact with a silicon surface. In this experiment, we sample a volume of 1 mm 3 of water from a reservoir to form a drop, gently deposited, on a clean silicon surface. The cell is delicately filled with tetradecane afterwards. Figure 2 represents the contact angle evolution with the reservoir surfactant concentration C 0 . One identifies two distinct situations, depending on this parameter. At low concentration, water experiences partial wetting with respect to silicon. The contact angle is 120
, and increases with C 0 . Above a concentration of 10 ÿ5 % w=w, the contact angle gradually increases up to an angle close to 180 . As the contact angle reaches this level, a small fluctuation detaches the water drop from the silicon surface. In this case, equilibrium is achieved with oil completely wetting the solid surface. A similar evolution is observed for the interfacial tension, we measured with the pendant drop technique, using a commercial apparatus. At small concentrations, the interfacial tension reaches a level around 56 mN=m (consistent with the standard value). In the surfactant concentration range 10 ÿ5 -2 10 ÿ2 % w=w, the interfacial tension gradually decreases down to 3 mN=m; at higher concentrations, no further evolution is seen for the interfacial tension. Experiments carried out with a glass surface indicate the same trend, with comparable crossover concentrations between the various regimes. In the current understanding of these phenomena, complete wetting and leveling off of the interfacial tension are achieved when the system approaches the critical micellar concentration (C mc ), we estimate here close to 3 10 ÿ2 % w=w, a value compatible with the literature [6] . Let us now turn to the dynamical situation of the twophase flow experiments. Figure 3 represents the flow patterns observed in the system shown in Fig. 1 , where the injection is symmetric, and water is injected on the sides. In the situation of Fig. 3 , the surfactant concentration is 2:2% w=w, which is well above the C mc , and, thus, according to Fig. 2 , well in the complete wetting regime.
In this particular situation, we form well-defined patterns. Figure 3 , which displays all the situations we observed, in a range of flow rates lying between 0 and 100 l=mn, represents the phase diagram of the system. Isolated structures, flowing with the mean flow velocity, are obtained in the upper left corner of Fig. 3 , i.e., at low water flow rates, and substantial oil flow rates. These structures are not circular, but elongated, and are essentially flat, since they live in a shallow channel. These drops are produced by an interfacial instability taking place at the channel intersection. The dynamical process leading to drop formation is shown in Fig. 4 .
Once the drop is formed, it is entrained by the flow, and its shape does not evolve any further. As we decrease the oil flow rate, the water concentration increases, and drops tend to assemble into pairs or triads, or larger structures. This state is called pearl-necklace state, similarly as in Ref. [2] . Thus, as the water concentration increases, drops mainly assemble into larger structures, to form pearl necklaces. The few coalescence events we have seen take place only in a small region of the phase diagram. Other regimes appear at higher flow rates, corresponding to the right part of Fig. 3 . One obtains, in the upper right of the diagram, stratified regimes. Here also, the regime is determined by the dynamical process taking place in the intersection region: In this particular case, the interfacial instability, described above, and leading to drop formation, ceases to hold, presumably because viscous forces (which increase with the flow rate) now prevail against capillarity. As a consequence, water simply flows into an oil tube, and this gives rise to a bare stratified regime, certainly worthwhile to be considered if lubrification is sought. Still, in the right part of the diagram, but at the bottom, we have pearlike drops: In such a regime, a thin filament of oil, terminated by a drop, flows into the water phase. As in the preceding case, the oil drop is formed at the entrance, but it travels with a long tail, connected to the entrance region. Similar structures -much less flattened -have already been reported in other contexts [7] . One may speculate that, due to the flow, the surfactant is depleted at the tip of the drop, favoring the spontaneous formation of rather large objects. After the drop is removed from the system, the tail breaks up, and another drop is formed in the entrance region, carrying its tail, and leading to the formation of a new pear. Such a process is erratic in time.
Since most of the regimes shown in Fig. 3 are controlled by dynamical processes taking place in the region where the fluids are injected, one may anticipate that the phase diagram has no universality, but rather substantially depends on the entry conditions. To confirm this, we studied the phase diagram of the same systems as above, but with oil injected on the side and water at the center. In this case, the regimes we obtain are stratified regimes (with water at the center and oil on the sides), in the high flow-rate range, and isolated water drops at lower flow rates. The structure of the phase diagram thus evokes the one of Fig. 3 . Nonetheless, there are visible differences: It is still roughly structured around parallel lines, but the parallel lines stand at different places. Interestingly, we do not obtain water pears in this configuration. This is presumably because the situation, with respect to the surfactant, is not symmetric (SPAN 80 is dispersed in oil). We thus do not get the same patterns. The substantial dependence of the phase diagram with the way the fluids are injected indicates that the system does not forget its initial conditions. It reveals what we may consider as a deep difference between micrometric (low Reynolds) and macrometric (high Reynolds) two-phase flows.
The nature of the regimes we obtain drastically changes when we work in the partial wetting case, i.e., at low surfactant concentrations. Here we show experiments carried out without SPAN 80, which, in the diagram of Fig. 2 corresponds to a partial wetting regime. A typical diagram, obtained in conditions where the flow rates are progressively increased, is shown on Fig. 5 .
It appears we do not obtain well-defined structures, whatever the flow rate we may impose, within the limits shown in the diagram. In the upper part of the diagram (region A), the patterns seem stratifiedlike, with randomly corrugated boundaries, while in the lower right part (region B), droplets of irregular shapes are produced, in an erratic way. The diagram is sensitive to the way the flow rates are varied, and therefore cannot be truly considered as ''phase diagrams.'' At variance with the preceding situation (i.e., with surfactant), the patterns are not continuously entrained by the flow. They stand at fixed positions in space, and, then, suddenly move or evolve, in a random process, apparently uncorrelated to a particular flow parameter. Apart from the smallest droplets, the structures we observed appear in fact to be trapped at the walls by impurities or inhomogeneities, a phenomenon which is known to occur when wetting is partial. Since the anchoring process of the contact line is random, we obtain structureless patterns. Apparently, in this system, the flow does not develop enough mechanical stresses to continuously advect the liquid blobs, which seem to be firmly adhered to the channel walls, sometimes for long periods of time. This statement is supported by an estimate of the capillary number, defined by Ca U T , in which is the viscosity (of either oil or water), U is a typical flow velocity, and T is the surface tension. Typical values of this number are on the order of 10 ÿ3 , showing that capillary forces dominate the system against viscous forces, providing an explanation for the apparent decorrelation of the patterns from the surrounding flow.
We continuously varied the surfactant concentration to analyze how the system evolves from structureless to structured regimes. The plot of Fig. 6 shows the evolution of the patterns, at fixed flow rates, as the surfactant concentration is increased. The experiments, for this particular study are performed with the same channel -same materials and same cross-section -but using a T configuration (with the oil coming from the side).
At small concentrations, one has disordered states, intermittently adhering to the channel walls, and similar to those depicted in Fig. 5 . At high concentrations, we form well-defined structures, in the form of isolated drops, continuously moving with the mean flow. We did not observe neat intermediate situations, which might possess characteristics different from the two regimes we defined. The transition between the structured and structureless regimes takes place in a rather narrow range, around a concentration C 0 on the order of 3 10 ÿ1 % w=w. Remarkably, the transition region is well above (by 1 order of magnitude) the one marking the transition between partial and complete wetting (see FIG. 5 . Flow patterns obtained in the same conditions as in Fig. 3 , but without surfactant. Fig. 2 ). This shift is worthwhile to notice, because it reveals an interesting scaling effect between the macroworlds and the microworlds. The scaling effect can be seen by reasoning on an initially large spherical oil drop, containing a surfactant, insoluble in water. In the oil drop, the surfactant molecules are shared between the bulk and the oil/water interface. As we break the drop into small structures, the surface to volume ratio increases, and, therefore, a larger proportion of surfactant molecules are located at the interface, at the expense of the bulk which is depleted. With extremely small oil structures, there is almost no molecule in the bulk, and the interface is poorly covered by the surfactant. In such conditions, the surfactant ceases to play a significant role in the system. For our miniaturized experiment, this effect brings us to a situation where partial wetting tends to hold, which in turns favors the formation of disordered states. At a quantitative level, one may note the wetting experiments were done with drops of radius 1 mm, while drops formed in the microchannel are 100 microns in size. This 1 order of magnitude increase in surface to volume ratio explains the 1 order of magnitude shift observed in Fig. 6 . To form ordered patterns in microchannels, one must start with surfactant concentrations well above the C mc , as is currently done for emulsions. Formally, in our configuration, one may argue there exists a lower limit, for the channel depth b, below which controlled structure cannot be obtained. This limit is obtained by making the following reasoning: Let us start with a large volume V of oil, in which a number of surfactant molecules, equal to C 0 V (where C 0 is the bulk surfactant concentration for large volumes) are dissolved. Let us assume the surfactant is insoluble in water, and let us introduce this volume into a shallow microchannel of height b. The oil volume will be broken into small pancakelike drops; if their total area is equal to 2S, their total internal volume will be equal, approximately, to Sb. Since the number of molecules is conserved, one has the following relation:
P H Y S I C A L R E V I E W L E T T E R S
where C surface and C volume are, respectively, the surfactant concentration at the oil interface and in the bulk. By noting that C 0 cannot exceed the solubility, C volume should be above C mc (and thus C surface should be equal to the saturation value C sat ) to obtain well-defined structures; one eventually obtains the following expression for the minimal thickness below which an ordered pattern cannot be produced:
where C s is the solubility. For a tetradecane-water interface, by taking C sat 5:5 10 ÿ8 mole=dm 2 and C s 0:2 mole=dm 3 , one obtains a minimum size of 60 nm. This shows that extreme miniaturization may be incompatible -at least in shallow systems with untreated walls -with the formation of ordered structures in two-phase flows.
In conclusion, we have shown that the role of the wetting properties of the fluids with respect to the walls crucially determines whether the patterns are structured or not, and whether they continuously move with the mean stream or intermittently adhere to the channel walls. It also appeared that, as we miniaturize, we tend to favor the presence of disordered patterns against structured ones. Thus, by using nondedicated materials or untreated surfaces, extreme miniaturization may be hardly compatible with the formation, under control, of well-defined patterns.
